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Oogenesis Requires Elements in the
5* and 3* Regions of the Transcript
Guene L. Thio,1 Robert P. Ray,2 Gail Barcelo, and Trudi Schu¨pbach3
Howard Hughes Medical Institute, Department of Molecular Biology, Princeton University,
Princeton, New Jersey, 08544 USA
During Drosophila oogenesis, signaling between the germline and the soma leads to the establishment of polarity in the egg
and embryo. This process involves the interaction of gurken (grk), a TGFa-like protein, with torpedo (top), the Drosophila
EGF receptor (Egfr). In early stage egg chambers, grk RNA is present predominantly along the posterior cortex of the oocyte,
and in mid stage egg chambers, the grk transcript becomes tightly localized to the future dorsal anterior corner of the oocyte.
his localization of grk RNA restricts the distribution of Gurken protein and is critical in defining both the anterior–
osterior and dorsal–ventral axes of the egg. We have determined the genomic sequence of the grk gene. By testing the
equirement of various fragments of grk RNA in the localization process, we find localization signals present in both the 5*
nd 3* regions of the gene. Sequences in the 5* noncoding region allow for accumulation of the transcript within the oocyte
in early stage egg chambers, while signals in the coding region and the 3*UTR are necessary for localization in mid to late
stage egg chambers. Active translation is not required for localization of the grk RNA. The mechanism of gurken RNA
ocalization, therefore, differs from that of other localized RNAs studied to date. © 2000 Academic Press
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aINTRODUCTION
RNA localization is a strategy used in a variety of cell types
and organisms to restrict proteins to specific subcellular
locations. In Xenopus, zebrafish, and Drosophila, for example,
several RNAs have been identified that are asymmetrically
distributed within the oocytes (for review, see St Johnston,
1995; Gavis, 1997; Bashirulla et al., 1998). In Drosophila,
localization of multiple RNAs within the oocyte is required
for proper patterning of the embryo. For example, bicoid (bcd)
RNA is localized to the anterior end of the oocyte, whereas
oskar (osk) and nanos (nos) RNAs are localized to the posterior
ole of the oocyte (for review, see St Johnston, 1995; Gavis,
997; Bashirulla et al., 1998). Interestingly, the establishment
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Biochemistry, Rutgers University, Piscataway, NJ 08854.
2 Present address: Department of Molecular and Cellular Biology,
ivision of Biology and Medicine, Box G-J1, Brown University,
rovidence, RI 02912.
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All rights of reproduction in any form reserved.f both anterior–posterior and dorsal–ventral polarities of the
gg and embryo is dependent upon the localization of another
ranscript, gurken (grk). gurken encodes a TGFa-like protein
and acts as a germline ligand for torpedo (top), the Drosophila
EGF receptor (Egfr). The activation of the Egfr in specific
subpopulations of somatic follicle cells is dependent upon the
localization of the grk transcript to specific sites within the
ocyte at specific stages of oogenesis (for review, see Grunert
nd St Johnston, 1996; Nilson and Schu¨pbach, 1999).
In Drosophila, each developing egg chamber consists of
15 germline-derived nurse cells and a single oocyte sur-
rounded by a layer of somatic follicle cells (for review of
oogenesis, see Spradling, 1993). From germarial stages 2A
through previtellogenic stage 7, the grk RNA is localized to
the posterior of the oocyte, where it accumulates predomi-
nantly along the cortex (Neuman-Silberberg and Schu¨p-
bach, 1993). This localized RNA provides a local source of
Grk protein such that the Egfr is activated only in the
follicle cells at the posterior end of the egg chamber,
resulting in the establishment of posterior cell fates. These
follicle cells, in turn, send a signal back to the oocyte which
results in the repolarization of microtubules and the correct435
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436 Thio et al.localization of RNAs such as bcd and osk during stage 8.
This polarization is also crucial for the relocalization of the
oocyte nucleus to the dorsal anterior corner (Gonzalez-
Reyes et al., 1995; Roth et al., 1995). At this same stage, the
grk transcript is diffusely distributed throughout the oocyte
and is also seen in a transient ring along the anterior margin
of the oocyte. During stage 8 and early stage 9, the grk RNA
localizes to the dorsal anterior corner. The Grk protein at
this stage accumulates in the membrane over the oocyte
nucleus and activates the Egfr only in the dorsal follicle
cells to establish dorsal cell fates (Neuman-Silberberg and
Schu¨pbach, 1996). This asymmetric activation of the Egfr
indirectly regulates the production of a later signal affecting
the dorsal–ventral polarity of the embryo (for review, see
Nilson and Schu¨pbach, 1999).
Analysis of several localized RNAs has revealed that in
the majority of cases, the cis-acting sequences mediating
localization are contained entirely within the 39 untrans-
lated regions of the transcripts (for review, see Bashirullah
et al., 1998; Gavis, 1997; St Johnston, 1995). However, in a
small number of cases, notably the yemanuclein-alpha
(yem-a) gene in Drosophila and the Ash-1 gene in yeast,
equences within the 59 regions of the transcripts have been
hown to contain RNA localization signals (Capri et al.,
997; Chartrand et al., 1999; Gonzalez et al., 1999). For
enes such as osk and bcd, multiple elements within the
9UTR’s affect the localization of these transcripts. Dele-
ion of these different elements can disrupt transport of the
NA from the nurse cells to the oocyte, transport within
he oocyte, or anchoring of the RNA at specific subcellular
ites, which strongly suggests that the localization process
f these RNAs involves multiple steps (Kim-Ha et al., 1993;
acdonald, 1990; Macdonald et al., 1993; Macdonald and
truhl, 1988).
To identify elements within the grk transcript that are
esponsible for grk RNA localization, we tested the require-
ent of various regions of the transcript in the localization
f grk RNA or a heterologous RNA. We find that the grk
NA localization signals are not entirely contained in
ither the 59 or 39 ends of the gene. Sequences in the 59
oding and noncoding regions of the gene provide signals to
ocalize the RNA within the oocyte during the early and
id stages of oogenesis. During the later stages, elements in
he 39UTR are required to restrict the message to the dorsal
nterior corner. These results demonstrate that the local-
zation mechanism for grk is unusual in that it requires
ignals in noncontiguous parts of its transcript located in
oth the 59 and 39 regions of the gene.
MATERIALS AND METHODS
Drosophila Strains
The 13 grk alleles analyzed are described in Schu¨pbach (1987)
and Neuman-Silberberg and Schu¨pbach (1993). y w1118 was used as
the recipient strain for all P-element-mediated transformations.Copyright © 2000 by Academic Press. All rightMolecular Characterization and Sequencing of the
grk Genomic Region
Previous characterization of the grk genomic region indicated
that the gene was entirely contained within a 9.5-kb EcoRI frag-
ment we refer to here as p3P1E9.5a (the “9-kb” rescuing fragment
of Neumann-Silberberg and Schu¨pbach, 1993). The coding region
for the gene maps to the proximal end of this fragment, and this
region was subcloned extensively to generate a nested series of
overlapping clones in pBS (SK1) (Stratagene). The entire region,
from the EcoRV site just 59 to the start of transcription to 100 bp
beyond the poly(A) addition site, was sequenced on both strands
using the Sequenase Dideoxy Sequencing Kit (USB) and run on
standard 7% urea 0.5% TBE gradient sequencing gels. Ambiguous
reads were resolved with additional primers and deoxyinosine runs,
and the final sequence was assembled with AssemblyLign (Kodak/
IBI).
Primer Extension
Since the longest available cDNA from grk was roughly 200 bp
shorter than the length of the RNA detected on a Northern blot
(Neumann-Silberberg and Schu¨pbach, 1993), we performed primer
extension to determine the 59 end of the grk transcript. Primer
labeling, annealing, reverse transcription, and extension were done
according to standard procedures (Sambrook et al., 1989) using
reagents from the Superscript II Reverse Transcriptase and 59RACE
kits (Gibco BRL). Annealing was done at 28°C with 4 3 106 cpm
abeled primer and 10 mg ovarian poly(A)1 RNA in hybridization
buffer (40 mM Pipes; 400 mM NaCl; 1 mM EDTA; 80% form-
amide). Primers 39 to the 59 end of the characterized 1.7-kb grk
cDNA show three prominent stops in this region, the first of which
corresponds to the final 59 nucleotide of the cDNA. Primers 59 to
this region show a single stop at position 303 of our sequence,
beyond which no additional stops were observed. This start site has
a canonical TATA box 19 bp upstream at position 277.
Allele Sequencing
Genomic DNA from mutant adults was prepared according to
standard procedures (Sambrook et al., 1983), and the polymerase
chain reaction (PCR) was used to specifically amplify the grk
sequences. For alleles that were homozygous viable, genomic DNA
was prepared directly from the homozygous mutant adults; for the
remaining alleles, DNA was prepared from transheterozygotes of
the particular mutant and grk2B or grkHK, which we found lacked or
disrupted, respectively, the sequences corresponding to two of the
primers used in our amplification procedure. The PCR products
were sequenced directly with primers spanning the grk genomic
region and run on a Perkin–Elmer ABI Prism 377 DNA Sequencer.
Each identified change was verified by at least two independent
reactions that included runs of both strands.
Transformation Constructs
The various constructs described in this report were generated as
follows.
L-g3U. A 0.5-kb BspMI–NotI fragment was isolated from the 39
end of the 1.7-kb grk cDNA, the ends were blunted, and the
fragment was cloned into the EcoRV site of pBS (SK1) (Stratagene)
to create pBS-g39UTR. The 39UTR fragment was isolated from this
vector by digestion with NotI and XhoI and cloned directionallys of reproduction in any form reserved.
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437Localization of gurkeninto the DF313 plasmid (gift of D. Ferrandon, Ferrandon, 1994)
placing the grk 39UTR downstream of the lacZ gene driven by the
rosophila alpha4-tubulin 67C promoter.
tub-grkD3*. A 1.2-kb SalI–BspMI fragment was isolated from
he 1.7-kb grk cDNA, the ends were blunted, and the fragment was
igated into a modified DF313 vector in which the lacZ gene had
een removed by partial digestion with BamHI. The modified
F313 plasmid was digested with XhoI, the ends were blunted, and
he 1.2-kb grk fragment was inserted into the site. This places the
rk cDNA lacking the 39UTR downstream of the Drosophila
lpha4-tubulin 67C promoter.
tub-grk. A SalI–NotI fragment containing the 1.7-kb grk cDNA
as isolated, the ends were blunted, and the fragment was cloned
nto the modified DF313 vector (as described above for the tub-
rkD39 construct). The modified DF313 plasmid was digested with
hoI, the ends were blunted, and the 1.7-kb grk cDNA was inserted
nto this site, placing it downstream of the Drosophila alpha4-
ubulin 67C promoter.
G5U-L. A KpnI site was engineered 15 nucleotides upstream of
the translational start of the grk gene in the genomic subclone
pE9.5EV2.4 using the Altered Sites II kit (Promega) and the primer
59 TTTCGGAGCGGTACCCCAAGCGTTTTCC 39. A 1.0-kb
KpnI fragment was isolated from this clone and inserted into the
KpnI site of the pMNLS-lacZ vector (R. Ray, unpublished), placing
the grk promoter and 59UTR upstream of the hsp70 start of
transcription, followed by a yeast nuclear localization signal (NLS),
the lacZ gene, and a poly(A) site from SV40. This plasmid was
digested with NotI to release the entire construct, and the fragment
cloned into the NotI site of pCaSper4.
G5-L. A 2.4-kb EcoRV grk genomic fragment was cloned into
the SmaI polylinker site of pBS-lac, containing the entire lacZ gene
from the pMC plasmid (Pharmacia) in the PstI site of pBS (SK1) to
generate pBS-lac/G5. A NotI–SalI fragment containing the whole
construct was isolated from this plasmid and cloned into pCaSper4.
G5DNC-L. This construct was derived from G5-L by digestion
with PstI, which releases 490 bp of the grk gene corresponding to
the N-terminal extracellular domain. The vector fragment from
this digestion was religated to generate G5DNC-L.
G5DEGF-L. A 1.7-kb EcoRV–BamHI fragment from pE9.5EV2.4
was cloned directionally into pSL1180 (Pharmacia). This plasmid
was digested with EcoRV and SmaI, and the grk fragment was
cloned into the SmaI site of pBS-lac. A NotI–SalI fragment contain-
ing the entire construct was isolated from this plasmid and cloned
into pCaSper4.
G5-L-G3. The pBS-lac/G5 construct was digested with EcoRV
and XhoI to remove the 39 end of lacZ, and this was replaced with
the corresponding EcoRV–XhoI fragment from the DF313 vector to
obtain pBS-lac(MD)/G5. At the same time, a EcoRV–SacII fragment
from pE9.5EVEa2.7 was subcloned into pSL1180 to create pSL-G3.
pSL-G3 was digested with XhoI and SalI and the fragment contain-
ing the grk 39UTR was cloned into XhoI-digested pBS-lac(MD)/G5.
G5-L-g3U. A BspMI(blunted)–NotI fragment from the grk
cDNA containing the 39UTR was cloned into pSL1180 digested
with EcoRV and NotI to create pSL-g39UTR. This plasmid was
digested with SalI and XhoI, and the fragment containing the grk
39UTR was cloned into the XhoI site of pBS-lac(MD)/G5.
mAUG. Both AUGs present at the translational start site in the
grk genomic fragment pE9.5EV2.4 were mutated with the primer
59CAAGCGTTTTCCAATCTAGAAAATCCCATTTACTCG 39
using the Altered Sites II kit (Promega). The resulting plasmid was
digested with KpnI and SacI and cloned into pMartini (gift of S.Copyright © 2000 by Academic Press. All rightFindley). This plasmid was digested with NotI and the grk fragment
cloned into the NotI site of pCaSper4.
P-Element-Mediated Transformation
P-element-mediated transformation was performed according to
standard procedures (Spradling and Rubin, 1982). Constructs were
injected at a concentration of 500 mg/ml with the helper plasmid
Turbo (gift of Paul Schedl) at a concentration of 100 mg/ml.
In Situ Hybridizations
At least four lines for each construct (except L-g3U, for which
only two lines were analyzed) were tested for localization by in situ
ybridization. Ovaries were dissected in Ringers and the ovarioles
eased apart. They were fixed in 4% paraformaldehyde in 13 PBS 1
0.1% Tween 20, 10% dimethyl sulfoxide, and 3 vol of n-heptane for
20 min. In situ hybridizations were done according to Tautz and
Pfeifle (1989) using 55°C as the hybridization temperature.
Digoxigenin-labeled probes were made using the DIG RNA Label-
ling Kit (Boehringer) according to the supplier’s recommendation.
RNA probes were made using the 1.7-kb grk cDNA and the 3-kb
BamHI fragment from DF313 containing the lacZ gene.
RESULTS
grk RNA in All grk Mutant Alleles Is Properly
Localized
To define the localization elements of grk, it was neces-
sary to more precisely define the genomic structure of the
gene. We therefore sequenced the genomic region of grk
(GenBank Accession No. AF223394). We defined the start
site of grk transcription by primer extension analysis and
found that it lies at nucleotide 303 on our map, approxi-
mately 200 bp upstream of the 59 end of the published grk
cDNA (Fig. 1 and data not shown). This analysis indicates
that the 59UTR of the gene spans 606 bp, the 39UTR spans
455 bp, and there are three introns (Fig. 1).
We next examined the pattern of grk RNA accumulation
in all 13 grk mutant alleles more closely than had been done
previously (Neuman-Silberberg and Schu¨pbach, 1993), and
we sequenced each allele to identify the molecular lesions.
Nine of the alleles contain single nucleotide changes in the
coding region that result in missense or nonsense codons, 3
of them contain insertions, and 1 has a deletion (Fig. 1). In
the alleles grkHF48, grkED11, and grk2E12, a single base pair
change introduces a stop codon that truncates the protein
after the 55th, 58th, and 226th amino acids, respectively.
grkED22, grkCT77, and grkWG41 have mutations in the EGF
domain. The remaining alleles with single base pair
changes, grkQI66, grkDC29, and grk705, all have alterations at
esidue 245 that affect an alanine in the transmembrane
egion. The only change detected in grkHK36, grkHG21, and
rkHL23 was a 432-bp insertion in the third intron, which is
homologous to a fragment of the B104 element (Scherer et
al., 1982). These mutations cause a dramatic reduction in
the level of detectable grk RNA (Neuman-Silberberg ands of reproduction in any form reserved.
t
s
a
1
t
T
a
a
438 Thio et al.Schu¨pbach, 1993). However, it is not clear how this inser-
tion affects grk RNA levels, and we are currently investi-
gating the possibility of the insertion disrupting some
enhancer activity. Finally, the strongest mutant allele,
grk2B6, is a protein and RNA null. It has a 442-bp deletion
hat removes part of the promoter and the transcriptional
tart site at nucleotide 303.
In each of the mutant alleles, grk RNA or protein levels
re reduced (Neuman-Silberberg and Schu¨pbach, 1993,
996). However, in all of the alleles which produce RNA,
he grk message is properly localized in the oocyte and
tightly associated with the oocyte nucleus, as is seen in
wildtype ovaries. Thus, none of the mutations had specific
effects on any localization signals for grk.
The grk 3*UTR Is Not Sufficient for Localization
In order to define the grk localization elements, we
created reporter transgenes fusing various regions of grk to
FIG. 1. Molecular lesions of 13 gurken alleles. The grk genomic reg
he specific lesion associated with each allele is listed. Nine of t
lleles, grkHK36, grkHG21, and grkHL23, all have an insertion in the thi
deletion removing the transcriptional start site of the gene.Copyright © 2000 by Academic Press. All rightthe lacZ gene (Fig. 2). We first tested whether the grk
localization signals are sufficient to correctly localize a
heterologous RNA. In this experiment, the lacZ reporter
was inserted between the EGF and transmembrane domains
within a 5.1-kb genomic fragment previously shown to
produce a properly localized RNA that was also able to
rescue the grk mutant phenotype (Neuman-Silberberg and
Schu¨pbach, 1993; Queenan et al., 1999). This transgene,
designated G5-L-G3, includes the endogenous grk promoter
and all three introns as well as the 59 and 39UTR’s (Fig. 2A).
The G5-L-G3 transcript accumulates in the same pattern as
the endogenous grk RNA (Fig. 3), with the exception of a
slight delay in its localization to the dorsal anterior corner.
In wildtype ovaries, grk RNA is fully localized by early
stage 9, whereas some of the G5-L-G3 message was still
seen in an anterior ring at this stage. The G5-L-G3 tran-
script was fully restricted to the dorsal anterior corner by
late stage 9, early stage 10. This delay may be due to the
increased size of the reporter transcript compared to that of
s diagrammed. Arrows indicate location of mutation in each allele.
leles show single nucleotide changes in the coding region. Three
tron. The strongest allele, grk2B6, is an RNA and protein null withion i
he al
rd ins of reproduction in any form reserved.
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439Localization of gurkenthe endogenous grk RNA. Nevertheless, it is clear from
these results that the grk localization signals can localize
the heterologous lacZ RNA inserted into the grk transcript.
We therefore used this reporter as our standard for localiza-
tion within the oocyte.
Since the localization signals for most other localized
RNAs are contained within the 39UTR, we tested if the grk
39UTR alone could properly localize the lacZ transcript. We
made a transcriptional fusion between lacZ and the grk
39UTR, called L-g3U (Fig. 2B). The expression of this
transgene was controlled by a female-specific a-tubulin
romoter that is active in the germline (Matthews et al.,
989). By in situ hybridizations to lacZ on ovaries from
ransgenic females, we found that the RNA is only detected
n the nurse cells and is not detected in the oocyte at any
tage (data not shown). Since we do not detect the RNA
ithin the oocyte, this result may indicate that the 39UTR
f grk is unable to mediate transport of the message from
he nurse cells into the oocyte. Alternatively, the hybrid
NA may be diffused throughout the oocyte but below the
FIG. 2. Structures of grk-lacZ and grk constructs and summary of
n each construct are indicated by heavy lines, and regions absent f
lank spaces. The lacZ gene used to tag the various transgenes is sh
-g3U, tub-grk, and tub-grkD39 transgenes is controlled by a fe
constructs are driven by the endogenous grk promoter. Transgenes
signals and/or the polyadenylation sites of SV40 or the a-tubulin ge
background, an RNA null allele. A plus indicates accumulation of
chambers, formation of an anterior ring during stage 8, and restrict
are as follows: 61 indicates that transcripts were observed to accum
a specific subcellular site; 2(AR) refers to transcripts that accumu
to the dorsal anterior corner. ACR indicates the region necessary for
region necessary for localization to the dorsal anterior corner in stCopyright © 2000 by Academic Press. All rightevel of detection by in situ hybridization. In either case, we
onclude that the grk 39UTR is not sufficient for localiza-
ion of a heterologous transcript.
The 5* Region of grk Contains Localization
Elements
Since the 39UTR of grk is not sufficient for localization,
the mechanism of grk RNA localization differs from that of
most other localized RNAs. We therefore decided to test
whether the 59 region of grk contained localization signals.
We removed the genomic 39 end of grk from the G5-L-G3
construct so that the only grk sequences present were the
grk promoter, the 59UTR, and coding sequences for the
signal peptide, the extracellular domain, and the EGF do-
main (Fig. 2C). Through stage 8, the localization of this
G5-L transcript was the same as that of the endogenous grk
transcript (data not shown). In particular, the RNA was seen
to accumulate in the developing oocyte. However, at stage
9 and later, the G5-L RNA did not become restricted to the
localization patterns for each. The grk genomic regions contained
the construct (either deleted or introns in H and I) are indicated by
as an inverted triangle at the insertion site. The expression of the
-specific a-tubulin promoter (Matthews et al., 1989). All other
ing the grk 39 end contain the 39 end of lacZ with its termination
he tub-grk and tub-grkD39 transgenes were crossed into the grk2B6
NA predominantly at the posterior of the oocyte in stage 1–7 egg
f the RNA to the dorsal anterior corner by stage 9/10. Exceptions
te in the oocyte of stage 1–7 egg chambers but are not localized to
n an anterior ring within the oocyte but do not become restricted
mulation of the transcript in an anterior ring. 39UTR indicates the
8 and 9.RNA
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440 Thio et al.dorsal anterior corner, as seen with the wildtype grk RNA
or the G5-L-G3 transcript. Instead, the G5-L RNA remained
in a ring around the anterior margin of the oocyte in 90% of
stage 9 and 10 egg chambers examined, with no apparent
bias toward the dorsal side (Fig. 4B). The other 10% of the
ovaries showed only weak staining in the late stage egg
chambers, and accumulation of the transcript could not be
determined. Wildtype grk RNA can be transiently detected
in an anterior ring at stage 8, but it is quickly restricted to
the dorsal anterior cortex by early stage 9. The G5-L
transcript fails at this step of localization. This defect is
unlikely to be the result of oversaturating the localization
machinery since it is not seen in the lines containing the
G5-L-G3 construct. Therefore, the G5-L RNA must be
lacking signals for asymmetric accumulation to the dorsal
anterior corner. However, the 59 portion of grk contained in
5-L does include elements that are capable of localizing
he transcript to the posterior of the oocyte in stage 1–7 egg
hambers and in a ring at the anterior cortex during stage 8.
Further Mapping of the Localization Elements in
the 5* Genomic Region of grk
To further map the localization signals within the 59 grk
genomic region responsible for the early and mid stage
localization (stages 1–7), we made deletions of regions
within the G5-L transgene (Figs. 2D and 2E). The first
deletion, designated G5DEGF-L, eliminated the entire EGF
domain as well as the 270-bp region C of the extracellular
FIG. 3. The cis-acting elements in a grk transgene can localize a h
(A, B) In situ hybridization to endogenous grk RNA on wildtype ova
detected in the germarium. It then accumulates in the oocyte, pre
anterior ring is formed during stage 8, and by early stage 9, the RN
G5-L-G3 RNA is similar to that of the endogenous grk transcript.
Arrowheads indicate restriction of the RNA to the dorsal anteriorCopyright © 2000 by Academic Press. All rightomain (Fig. 2D). Comparison of the lacZ RNA expression
atterns between the G5DEGF-L transgene and that of G5-L
eveals no differences. No additional step of localization
hrough stage 8 was disrupted by eliminating the EGF
logous RNA in the same pattern as the endogenous grk transcript.
in early and late stage egg chambers, respectively. The RNA is first
inantly along the posterior cortex, from stages 1 to 7. A transient
restricted to the dorsal anterior corner. (C, D) Distribution of the
ws indicate accumulation of the RNA in a transient anterior ring.
er.
FIG. 4. The grk genomic 59 region contains signals for localization
uring early and mid oogenesis. (A) The endogenous grk transcript
s tightly localized to the dorsal anterior corner by stage 9/10. (B)
he RNA encoded by G5-L, which contains a grk genomic frag-
ent spanning the region from the promoter through the EGF
omain, remains in a ring at the anterior margin of the oocyte even
n late stage egg chambers (arrowheads).etero
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441Localization of gurkendomain and region C. Therefore, these regions do not
contain any elements required to localize the transcript
through the mid stages of oogenesis.
We next created a transgene which deleted additional
sequences from the extracellular domain. In transgene
G5DNC-L, we removed an additional 210 nucleotides from
the previous construct while leaving the EGF domain intact
(Fig. 2E). Surprisingly, deleting regions N and C in
G5DNC-L severely disrupted the expression pattern of the
transcript compared to G5-L or G5DEGF-L. The G5DNC-L
transcript is detected in both the oocyte and the nurse cells
in stages 1–7 of oogenesis but is not observed to accumulate
above background in either cell type after stage 7 (Figs. 5A
and 5B). Even within the oocyte, the RNA is diffuse and
exhibits no specific subcellular localization. Since results
from the G5DEGF-L transgene indicate that the EGF do-
main and region C of the extracellular domain are not
necessary for localization, sequences within region N of the
extracellular coding region of grk must contain localization
elements. These localization elements are sufficient to
direct accumulation of the RNA in an anterior ring in the
mid stages of oogenesis, and they appear to be necessary for
efficient accumulation of the RNA in the oocyte. Tran-
scripts containing the extracellular domain, such as the
endogenous grk message or the G5-L reporter transcripts,
are not normally detected within the nurse cells. In con-
trast, the G5DNC-L transcripts, which are transcribed un-
der the control of the identical 59 grk promoter fragment,
did accumulate in the nurse cells until stage 6, strongly
suggesting that they were not efficiently removed from the
FIG. 5. The 59 noncoding sequences of grk allow for accumulation
accumulation at late stages. (A, B) Distribution of G5DNC-L RNA.
oocyte in early stage egg chambers (A), but little or no RNA is dete
grk promoter and 59UTR, shows the same distribution as that of tCopyright © 2000 by Academic Press. All righturse cells. In addition, since the G5DNC-L RNA is not
etectable after stage 7, region N of the extracellular do-
ain is also required for achieving and/or maintaining
ocalization of the RNA within the oocyte at the mid stages
f oogenesis. This may involve stabilizing the RNA to
revent degradation and/or providing signals to actively
ocalize the RNA in an anterior ring.
Although the G5DNC-L message is seen to accumulate in
he nurse cells, some RNA is present in the oocyte. This
bservation suggests that region N of the extracellular
omain is not solely responsible for the early accumulation
f the transcript within the oocyte. Since the EGF domain
oes not contain localization elements, the remaining por-
ion of grk in this transgene (i.e., the promoter, 59UTR, and
pproximately 200 59 coding nucleotides) (see Fig. 2E) must
lso contain early localization elements that play a role in
irecting accumulation of the RNA in the oocyte. To test
his further, we created the transgene G5U-L, which in-
ludes only the noncoding region of grk controlling the
xpression of the lacZ reporter (Fig. 2F). As with the
5DNC-L transcript, we observed that the RNA made from
his transgene is detectable in the oocyte and nurse cells in
he early stages of oogenesis (stages 1–7) but not at the later
tages (Figs. 5C and 5D). Sequences that can promote early
ranscript accumulation in the oocyte must therefore reside
n the 59 noncoding region of the RNA. However, the RNA
s much more efficiently localized to the oocyte in the
resence of both the 59 noncoding region and region N of
he extracellular domain (compare, for example, construct
5-L in Fig. 4B). Therefore, at least two regions within this
e RNA in the oocyte at early stages, but are not sufficient for oocyte
transcript is detected in the germarium and in the nurse cells and
t later stages (B). (C, D) The G5U-L transcript, which contains the
5DNC-L RNA in early (C) and late (D) oogenesis.of th
The
cted a
he Gs of reproduction in any form reserved.
2
o
e
m
o
t
l
i
c
t
1
i
w
(
g
u
g
p
G
t
p
c
R
t
(
n
R
t
n
442 Thio et al.59 genomic fragment of grk are required for localization: the
59 noncoding region contributes to early oocyte accumula-
tion and region N, which contains coding sequences for the
extracellular domain, to enhance accumulation in the oo-
cyte even at late stages and to promote transcript localiza-
tion in an anterior ring.
The grk 3*UTR Is Necessary but Not Sufficient
for Localization
As described above, the G5-L message is detected in an
anterior ring within the oocyte at stage 8 and remains in
this ring through the later stages. From results with the
L-g3U transgene, we concluded that the 39UTR was not
sufficient for localization as this hybrid RNA was not
detected within the oocyte. However, these results do not
eliminate the possibility that the 39UTR may be necessary
for some later step of localization. To determine if the
39UTR contains signals that can mediate localization of the
grk transcript to the dorsal anterior corner from an anterior
ring, we added the grk 39UTR to the G5-L construct (Fig.
G). With the addition of the 39UTR, the G5-L RNA is now
bserved in the same pattern as that of the G5-L-G3 and
ndogenous grk transcripts. In particular, the G5-L-g3U
essage does not remain in an anterior ring within the
ocyte at stages 9 and 10 but becomes tightly localized to
he dorsal anterior corner (Fig. 6B). The grk 39UTR, there-
fore, must contain signals required for this step of grk RNA
ocalization.
The requirement of the grk 39UTR in grk localization was
ndependently confirmed by deleting the 39UTR from a grk
DNA construct that was expressed under the control of
he a-tubulin promoter (Figs. 2H and 2I). Whereas the
.7-kb grk cDNA containing the 39UTR localized correctly
n close proximity to the oocyte nucleus (Fig. 7A), the RNA
ith the 39UTR deletion accumulated in an anterior ring
Fig. 7B). Since these experiments had to be carried out in a
rk RNA null background, in which the oocyte nucleus
sually remains at the posterior end, we used the grkDC
mutant as a control for localization, since this allele pro-
vides full-length grk RNA transcribed from the endogenous
promoter (Fig. 7C).
The Relationship between Translation and
Localization of grk
The fact that part of the coding region of grk plays a role
in localization raised the possibility that translation of the
transcript may be involved in directing localization of the
RNA. A possible mechanism could be that as the signal
sequence is translated, the signal recognition particle binds
and promotes the transport and association of the RNA to
the endoplasmic reticulum (ER) and thus initiates an RNA
localization process to the ER (Deshler et al., 1997). In order
to test this model, we mutated both AUG codons at the
translational start site within the 5.1-kb genomic rescue
construct so that grk RNA but no Grk protein would beCopyright © 2000 by Academic Press. All rightproduced. In order to detect the RNA produced by this
transgene, we crossed the transgene into the grk2B6 back-
round. By examining egg phenotypes and Grk protein
roduction by antibody stainings, we confirmed that no
rk protein was made. Because of the polarity defects in
his mutant background we considered the RNA to be
roperly localized if it was detected within the oocyte
losely associated around the oocyte nucleus. Indeed, the
NA made from this transgene becomes localized within
he oocyte and is tightly associated with the oocyte nucleus
Fig. 7D). The process of active Grk translation, therefore, is
ot required for proper grk RNA localization.
FIG. 6. The grk 39UTR contains signals for localization of the
NA to the dorsal anterior corner. (A, B) The G5-L-g39UTR
ranscripts are localized in a pattern similar to that of the endoge-
ous grk RNA throughout oogenesis. The RNA becomes tightly
restricted to the dorsal anterior corner by stage 10 (arrowheads). (C)
The RNA of the G5-L construct does not become tightly restricted
to the dorsal anterior corner but remains in an anterior ring (arrows)
(compare to B). The G5-L and G5-L-g39UTR constructs differ only
by the absence or the presence of the grk 39UTR, respectively.s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightDISCUSSION
Previous studies have shown that localization of grk is
essential for the correct establishment of both the anterior–
posterior and dorsal–ventral axes of the egg and embryo.
The grk RNA localization pathway, similar to that of other
ocalized RNAs, involves a complex set of steps. In the
ases of bcd and osk RNAs, specific signals within the
ranscripts mediate these different steps in the localization
athway (Kim-Ha et al., 1993; Macdonald, 1990; Macdonald
t al., 1993). Similarly, we find that the grk transcript
ontains multiple signals required for its localization. How-
ver, the grk RNA localization process is unique in two
espects. First, grk is the only known RNA to be tightly
estricted to the dorsal anterior corner. Second, unlike other
ocalized RNAs, grk localization elements are dispersed
hroughout the transcript, including the 59UTR, the coding
egion, and the 39UTR.
The grk 3*UTR Contains an Element Mediating
RNA Localization in Late Stages of Oogenesis
In most localized RNAs tested to date, elements within
the 39 untranslated regions have been found to be sufficient
to localize the transcript. In contrast, the grk 39UTR alone
is not sufficient for properly localizing a heterologous RNA
within the oocyte. Heterologous transcripts fused only to
the grk 39UTR do not accumulate to any specific region
within the oocyte. We found, however, that the 39UTR is
necessary for localization in mid to later stages of oogen-
esis. In a recent report, Saunders and Cohen also investi-
gated grk localization and suggested that the 39UTR was
not absolutely required for localization (Saunders and Co-
hen, 1999). In these constructs, however, the 39 end of the
s(1)K10 gene, whose RNA is localized to the anterior
argin of the oocyte (Cheung et al., 1992), was included.
lthough elements specifically required for K10 RNA lo-
alization (Serano and Cohen, 1995) were deleted from this
onstruct, it is possible that the remaining K10 39 se-
uences, in conjunction with grk sequences also present in
hese transgenes, could promote partial localization of the
ranscript. By simply deleting rather than replacing the
9UTR, we found that the 39UTR is necessary for achieving
wildtype pattern of localization. Transcripts containing
lements that mediate localization to the anterior margin
ut lacking the grk 39UTR, such as the G5-L and
associated with the oocyte nucleus at one pole of the oocyte and is
not present at both poles of the oocyte; in particular, the RNA does
not accumulate in an anterior ring. (D) Distribution of grk RNA
ncoded by the mAUG construct in which the translational start
ite is mutated. The transcript is also tightly associated with the
ocyte nucleus. Arrows indicate RNA in tight association with the
ocyte nucleus. Arrowheads indicate RNA detected in an anterior
ing within the oocyte.FIG. 7. The grk cDNA contains localization elements that can
function independently of its promoter, and grk translation is not
required for the localization of its RNA. In order to detect the RNA
produced by the constructs, the transgenes had to be moved into a
grk2B6 mutant background, an RNA null allele. Due to the polarity
efects in this mutant background, the oocyte nucleus usually
emains at the posterior pole. (A) A grk cDNA transcript expressed
nder the control of the a-tubulin promoter can accumulate in
ight association with the oocyte nucleus at the posterior pole (we
ound that no Grk protein was produced from this transgene, and
onsequently, the polarity defect was not rescued, which may
eflect the fact that about 200 nt of 59UTR sequence are missing
rom this cDNA). (B) In contrast, a grk cDNA transcript lacking the
9UTR (tub-grkD39) accumulates in a ring at the anterior of the
ocyte during late oogenesis in a grk2B6 mutant, as well as being
resent in a cap along the posterior pole. (C) Localization of grk
NA produced by the grkDC29 mutant allele. This allele produces
normal levels of the mutant RNA (Neuman-Silberberg and Schup-
bach, 1993) and thus serves as further control to assess the expected
distribution of normal grk RNA in a mutant background where the
oocyte nucleus remains at the posterior pole. The RNA is tightlys of reproduction in any form reserved.
i444 Thio et al.grkD39UTR transgenes, do not become restricted to the
dorsal anterior corner but remain in an anterior ring even at
later stages.
The possibility that accumulation of the G5-L and
grkD39UTR RNA along the anterior margin is the result of
oversaturating the localization machinery is unlikely. The
G5-L-G3 RNA, which contains the entire grk genomic
region plus lacZ, localized properly at stages 9 and 10.
Significantly, the addition of the 39UTR to the G5-L and
grkD39UTR transcripts, which accumulate at the anterior
margin, restores localization to the dorsal anterior corner at
stages 9 and 10 (compare Figs. 6B and 6C). The grk 39UTR,
therefore, is required for restricting the RNA to the dorsal
side from an anterior ring.
The function of the grk 39UTR in grk RNA localization is
likely mediated by the Sqd protein. sqd encodes an hnRNP
protein (Kelley, 1993; Matunis et al., 1992) and is required
for the proper localization of grk RNA to the dorsal anterior
corner. In females mutant for sqd, an anterior ring of grk
RNA is detected in the oocyte at stages 9 and 10 (Neuman-
Silberberg and Schu¨pbach, 1993). This expression pattern is
the same as that seen with our transgenes that lack the
39UTR. Interestingly, Sqd has been shown to bind to the grk
39UTR (Norvell et al., 1999). In the absence of either Sqd
protein or Sqd binding sites (i.e., the grk 39UTR), therefore,
the Sqd-grk RNA complex is not formed, and the final step
of grk localization to the dorsal anterior corner fails to be
completed. The formation of this complex has been pro-
posed to be required for grk RNA to be properly transported
and delivered to an anchor in the ooplasm at the dorsal
anterior corner (Norvell et al., 1999). The 39UTR of grk is
necessary for Sqd binding and, consequently, for grk RNA
localization in the late stages of oogenesis.
The 5* Noncoding Region of grk Provides Signals
for the Early Accumulation of the Message
within the Oocyte
Signals for grk RNA localization are contained not only
n the 39UTR but also in the 59 portion of the gene. We have
demonstrated that elements within the grk noncoding
region (promoter and 59UTR) allow for early and diffuse
accumulation of the transcript within the oocyte. Examin-
ing the expression of the G5U-L transgene (lacZ fused to the
grk promoter and 59UTR) by in situ hybridization and
b-galactosidase stainings reveals that the RNA and protein
are expressed in the nurse cells and oocyte beginning in the
germarium but are not detectable at later stages (Figs. 5C
and 5D). This observation strongly suggests that the grk
promoter is active in the nurse cells and possibly in both
cell types during early oogenesis (until stage 7). Wildtype
grk transcripts, which also contain the entire 59UTR, are
not normally detected at significant levels in the nurse
cells. However, the G5U-L transgene appears to lack addi-
tional elements present in the wildtype RNA that are
required for loss of RNA from the nurse cells, possibly due
to inefficient transport to the oocyte. Our results suggestCopyright © 2000 by Academic Press. All rightthat grk is transcribed in both the nurse cells and oocyte
until stage 7; however, the oocyte may become the exclu-
sive site of transcription at late stages of oogenesis when
dorsal ventral patterning is established. With the exception
of L-g3U, which was transcribed from an a-tubulin pro-
moter and did not contain any grk 59 regions, none of our
transgenes were detected in the nurse cells at late stages.
The possibility that the oocyte is critical in transcribing grk
during the mid and late stages is also consistent with the
requirement for Sqd and K10 proteins to be present in the
oocyte nucleus where Sqd presumably associates with grk
RNA and directs its localization. The binding of Sqd to grk
RNA appears necessary for the regulated export of the grk
transcript from the nucleus and for maintaining the RNA in
a translationally repressed state until it is localized (Norvell
et al., 1999).
Recently reported results suggested that the oocyte
nucleus might be the exclusive site of grk transcription
(Saunders and Cohen, 1999). This conclusion was based, in
part, on evidence from colchicine experiments. In ovaries
treated with colchicine, grk RNA remained associated with
the oocyte nucleus. This result is consistent with the idea
that grk RNA is transcribed in the oocyte nucleus and,
therefore, does not require a functional microtubule net-
work for transport to the oocyte. Our observation of lacZ
RNA and protein in both cell types at stages 1–7 when
expressed under the control of the grk promoter, however,
is most easily explained by transcriptional activity of the
grk promoter in the nurse cells and oocyte during these
early stages of oogenesis. Possibly our lacZ containing
transgenes are more stable in the nurse cells than the
wildtype grk RNA and are therefore more easily detectable.
Saunders and Cohen present additional evidence for the
oocyte being the exclusive site of grk transcription based on
the detection of lacZ RNA mainly in the oocyte when
placed under the control of the grk promoter (Saunders and
Cohen, 1999). However, this construct contained not only
the grk promoter but also approximately 200 bp of 59UTR as
defined by our primer extension analysis and a large part of
the K10 39UTR. The N-terminal 200 bp of the 59UTR in
conjunction with the K10 39UTR may have been sufficient
for localizing the RNA to the oocyte in the early stages of
oogenesis even if much of the RNA was produced in the
nurse cells.
After stage 7, all data are consistent with the oocyte
nucleus being the primary site of gurken transcription.
However, we were not able to detect the G5U-L transcript
(containing the 59UTR fused to lac-Z and expressed under
the control of the gurken promoter) after stage 7, which
may be due to its dispersal and/or instability in the rapidly
growing oocyte after that stage. Only when we added
additional domains corresponding to part of the coding
region of the grk RNA did we detect the transcript after
stage 7. It then accumulated in the oocyte (see below).
Interestingly, Saunders and Cohen report that RNA made
from a transgene containing the same additional domains of
grk but lacking sequences in the 59UTR was also nots of reproduction in any form reserved.
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445Localization of gurkendetected after stage 7 (Saunders and Cohen, 1999). They
concluded that the 59UTR contained a stability element.
Therefore, regardless of the site of transcription, grk RNA
appears to contain at least two elements in its 59 region: one
mapped by Saunders and Cohen in the 59UTR and another
found by us in the 59 coding region (see below) that affect
accumulation of its transcript during the late stages of
oogenesis. The presence of both regions ensures that detect-
able levels of the transcript are present in the oocyte after
stage 7.
The Coding Region of grk Has Signals for
Accumulation of the RNA in an Anterior Ring
Surprisingly, we were able to demonstrate that part of the
coding region for the extracellular domain has dramatic
effects on the accumulation of grk RNA to the anterior
margin of the oocyte during the mid stages of oogenesis.
lacZ reporter transcripts fused to a 59 region of grk that
includes the promoter, 59UTR, and coding sequences for the
extracellular and EGF domains complete the early and mid
stage localization steps. These transcripts are detected in
the oocyte by stage 1 and accumulate at the anterior margin
during stage 8, where they remain in later stage egg cham-
bers. However, in the absence of region N of the extracel-
lular domain, the lacZ RNA is detected in the oocyte at
early stages but not at later stages, suggesting that this
region of 230 nucleotides has signals to prevent degradation
and/or allow for active transport or trapping along the
anterior margin (Figs. 5A and 5B). The presence of localiza-
tion elements in the coding region raised the possibility
that a link exists between localization and translation of
the gene. One other example of an RNA with localization
elements in the 59 coding region is the yem-a gene (Capri et
l., 1997). This RNA is detected at the posterior of the
ocyte in previtellogenic egg chambers, and then the tran-
cripts are localized to the anterior end during stage 8. It
as determined in this case that the translation of the
olypeptide was not required for localization of the tran-
cript (Capri et al., 1997). Similarly, we have also shown
hat translation of grk is not required for the localization of
ts RNA.
The particular element that we found within the coding
equences of grk allowed for the stable accumulation of grk
NA in an anterior cortical ring (ACR element, Fig. 2).
ince the extracellular domain is one of the less conserved
arts of TGFa proteins and has no significant conservation
of particular residues (for review, see Lee et al., 1995), this
region provides a convenient location for such a signal. It is
presently unknown what particular cellular structure
would provide an anchor for the grk RNA in a cortical ring.
It is also not clear whether the association of such a cortical
structure would occur through direct association with the
ACR element or with a different 59 region of the transcript,
where the ACR sequences would simply provide stability to
the localized RNA. Further experiments moving the ACRCopyright © 2000 by Academic Press. All rightregion to a heterologous transcript may distinguish be-
tween these possibilities.
There are several other RNAs that have been observed to
accumulate in an anterior ring (bcd, K10, hu-li tai shao
(hts), and Bicaudal D (BicD)) (for review, see St Johnston,
995; Bashirulla et al., 1998), which suggests that general
NA binding proteins may be present in this ring. One
ossible candidate that may bind to grk RNA along the
nterior cortex is orb. orb encodes an RNA binding protein
Lantz et al., 1992), and in ovaries from females mutant for
orb, the grk RNA is found throughout the anterior cyto-
plasm (Christerson and McKearin, 1994; Roth and Schu¨p-
bach, 1994). This observation suggests that Orb may act as
an anchor for grk RNA during the mid stages of oogenesis.
However, since Orb protein is distributed along the entire
cortex of the oocyte and not only along the anterior cortex
(Lantz and Schedl, 1994), it cannot be the only anchor of grk
RNA.
In summary, grk contains multiple elements within its
transcript that are required for different steps in the local-
ization of the RNA and/or its stability. It appears that a
combination of different mechanisms is used to direct the
asymmetric accumulation of the grk transcript. Saunders
and Cohen (1999) have found that the promoter of grk plays
an important role in its expression pattern. Their results
together with our results described above, as well as those
of Norvell et al. (1999), point to the oocyte nucleus as a
crucial site for grk transcription at least in mid oogenesis.
Saunders and Cohen also mapped a stability element in the
59UTR. Our results, however, strongly suggest that the
gurken promoter is also active in the nurse cells during
stages 1–7 of oogenesis. Additionally, we have demon-
strated that elements in the 59 coding region and the 39UTR
are necessary for correct localization. Identification of pro-
teins that interact with the localization signals of grk will
provide further insight into RNA localization, such as the
machinery that is shared among localized RNAs, as well as
unique factors that allow each RNA to reach its particular
destination.
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